aBoVE | a large backward-breaking internal wave is depicted in this time-depth image whose axes are 14 minutes horizontally and 50 m vertically. This wave was observed using 101 high-samplingrate temperature sensors between 0.5 and 50 m above the bottom at 550 m depth near the top of Great Meteor seamount, North atlantic ocean. temperature ranges from 12.3°c (blue) to 14.1°c (red); contour intervals are every 0.1°c (black). aBstR act. The sun inputs huge amounts of heat to the ocean, heat that would stay near the ocean's surface if it were not mechanically mixed into the deep. Warm water is less dense than cold water, so that heated surface waters "float" on top of the cold deep waters. Only active mechanical turbulent mixing can pump the heat downward.
INtRoductIoN
Internal waves are ubiquitous around the globe in estuaries, seas, and oceans, causing their interiors to be in constant motion. They exist because these waters all have stable density stratification from surface to bottom. Ocean water density is mainly determined by temperature and salinity variations (Box 1). Vertical density differences ("stratification") create a restoring force for wave motions in the interior ("internal waves"). The dynamics of vertically varying ocean motions depend on variations in density. Though ocean density variations cannot be measured directly, density is mainly (more than 99.99%) determined by variations in temperature, salinity, and pressure. a vertically stable water column is composed of warm, fresh water over cold, salty water. Warmer water is less dense than colder water when salinity is 23 or more parts per thousand (ppt). an average ocean value is 35 ppt. Freshwater is less dense than salty water. Roughly 4°c in temperature and 1 ppt in salinity each contribute to ±1 kg m -3 in density variations. although the static pressure increases by 1 bar (atmosphere) every 10 m vertically in the ocean, it is the small (1%) compressibility of water that affects density variations. In terms of observational techniques, temperature and pressure are the easiest to observe. salinity is measured indirectly, using a combination of temperature and conductivity sensors. temperature observations alone can be used at a particular known pressure (depth) as a replacement (proxy) for density variations, provided the density-temperature relationship is well known (tight). This relationship can be established by repeatedly lowering a shipborne conductivity-temperature-pressure package at the site of interest. If the vertical density variations are very small, about 0.001 kg m -3 per 100 m, high-precision sensors can observe temperature to increase with pressure (depth) while density remains stable. The limit of this increase is the adiabatic lapse rate of about 1.7 × 10 -4 °c m -1 , which is due to the compressibility of water. It can be easily corrected for when pressure (depth) is known.
Box 1 | tEMpER atuRE as a tR acER FoR dENsIt y VaRIatIoNs
Because the interaction of horizontal motion with sloping underwater topography generates internal tides (part of the low-frequency internal waves), it is conjectured that most mixing also occurs along the ocean's sloping boundaries rather than in its interior (Munk, 1966; Armi, 1978; Thorpe, 1987b; Garrett, 1990 Garrett, , 1991 . The concentration of internal tidal energy may cause enhanced wave breaking and mixing. Internal waves constitute a partial (20%) sink for tidal energy, or about 0.6 TW globally (Munk and Wunsch, 1998) . If the boundary mixing described is efficient enough, it should account for mean energy loss (dissipation) of 1.5 mW m -2 . However, it is unclear how energy transfers from the internal wave source to its turbulence loss, but it is probably via small-scale internal waves.
At the high-frequency end of the internal wave spectrum, short-period waves near buoyancy frequency N are the natural motions following stratification disturbance (Groen, 1948) . N 2 is proportional to the vertical density stratification and the acceleration of gravity. These waves are close to turbulence in frequency (D' Asaro and Lien, 2000) . One possible explanation for how high-frequency internal waves transition to turbulence is through interaction with near-inertial or tidal shear, which deforms the internal waves and makes them overturn. Another possible explanation is that high-frequency internal waves deform to linear or nonlinear internal tides and then disintegrate into high-frequency solitary waves (Gerkema, 1996; Farmer et al., 2011) . Despite their name, such high-frequency nonlinear waves generally do not occur alone, but instead commonly occur in groups of four to ten waves (Helfrich and Melville, 2006) . When such solitary wave groups, carried by the internal tidal wave, collide with underwater topography, they transform (Orr and Mignerey, 2003) , and the leading one sharpens into an upslope frontal bore (Vlasenko and Hutter, 2002; Klymak and Moum, 2003) .
Such a bore dominates sediment resuspension (Hosegood et al., 2004; Bonnin et al., 2006) , which resembles an atmospheric dust storm.
Here, we present detailed observa- Modern electronics allow the manufacture of once per second (1 Hz) high-sampling-rate temperature sensors (Hst) at NIoZ. These NIoZ-Hst offer precision better than 0.001°c and a very low noise level of 6 × 10 -5 °c. They can be used down to 6,000 m and have the potential of one-year uninterrupted stand-alone operation running on a single small battery . They have been developed specifically for use in a vertical array of many sensors (about 100) to study dynamic processes such as fronts and internal waves in shallow seas and the deep ocean. a key element is their synchronization in time, which is enforced through electromagnetic induction. at a preset interval of less than a day, all clocks are synchronized to a single standard. The clock synchronization is better than 0.1 s, permanently during deployments of up to two years. under conditions of sufficient vertical spatial resolution and of temperature acting as a proper tracer for density variations, these moored sensors are excellent for quantifying turbulent mixing in great detail that is generated by the dynamic processes described above . turbulence makes a vertically stable water column locally unstable by overturning denser (colder) water above less-dense (warmer) water during brief moments. This phenomenon is clearly observed when a large breaking wave passes the sensors (see figure on page 126). Quantification of mixing is done by re-enacting the turbulence of each 1 Hz vertical temperature profile: all unstable portions are computationally sorted (reordered) to their stably stratified positions in a monotonic profile without overturns (Thorpe, 1977) . The reordering vertical displacements (d) are a measure of the turbulence following empirical relations, which have a constant mixing efficiency of 0.2 (osborn, 1980) , 1982) . L o represents the ozmidov scale for large overturns in stratified fluids. The constant values still seem to hold today, specifically for the ocean, which is nearly always turbulent. The Reynolds numbers are high, between one thousand and one million. such values are especially found above sloping topography, where ocean turbulence can be very high, but stratification is also constantly restored, mainly in thin layers (van Haren, 2005) . When stratification is restored, mixing is efficient. This efficient mixing, estimated from the larger, energetic turbulent overturns, is expressed in its main parameters' turbulent exchange rate or diffusivity K z and turbulence energy loss or dissipation rate ε.
Box 2 | MIxING MEasuREMENts usING MooREd sENsoRs
and cold water up along the sloping bottom during the next phase (Figure 2a Viewed in more detail, Figure 3 shows the vigorous turbulence of a large overturning internal tidal wave. The sudden change from a warming to a cooling tidal phase is associated with an upslope-moving frontal bore that occurs once or twice every tidal period. When we compare the raw data (Figure 3a) with the stably stratified reordered data used for conversion in the vicinity of Great Meteor Seamount (Gerkema and van Haren, 2007) . e f e f e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f If we hypothetically extrapolate further and use previous estimates (Armi, 1978 (Armi, , 1979 Garrett, 1990 Garrett, , 1991 , which is the value needed to maintain the overall density stratification (Munk and Wunsch, 1998) . This value supports earlier conjectures (e.g., Munk, 1966; Armi, 1978; Garrett, 1990) at a variety of (tidally) noncritical slopes (e.g., Klymak and Moum, 2003; Hosegood et al., 2004; Bonnin et al., 2006; Nash et al., 2007) . temporal) resolution of internal waveturbulence motions toward understanding their intrinsic properties. It should be possible to make these measurements using a multistring mooring or flotation device (Thorpe, 2010) . 
